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First Quarterly Report
Contract flo. NAS8-32259 7
November 1, 1976 through February 1, 1977
Summary. The principal activities during this reporting period consisted
of the installation and layout design of the air collector system fbr'commercia1
applications, completion of the Preliminary Design Review, detail design effort,

preparation of the Verification Test Plan and the detail test procedures

,E - - necessary to verify the subsystem to the Interim Performance Criteria, preparation

of an updated Subsystem Performance Specification and the performance testing of
a prototype model of a two manifold, one hundred and forty-four tube air collector

array.




Schedules. The échedu]e, established to meet contract requirements, fis
attached as Figure 1. The Preliminary Design Review was completed on danuary 5,
1977, as scheduled by the Technica1 Program Manager, MSFC. The specific
schedules for the Quarterly Review and the Prototype Design Review have not
been designated, as yet, by the Technical Program Manager.

Technical Performance.

A. General description of work accohp]ished during reporting period.
1. Installation and lLayout Design.

The installation and layout drawings of the air collector,

Model SEC-601, wére compiled and formed the basis of the Preliminary Design
Review on January 5, 1977.
2; Preliminary Design Review.

‘The Preliminary Design Review of the air co]1ector;'Mode] SEC-601,
was conducted on January 5, 1977. Nine RID's were generated and responded to
on January 13, 1977. Further contractor action is required on five 6f‘the nine
RID's. o |

3. Detail dréwings are;proceedinQ»on schedule towards vendor coordination
and material selections during February, 1977. Simple tést fixtures are being

fabricated for the verification of the design approach for seals.
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4. The Verification Test Plan was submitted to MSFC on Jdanuary 18
for review and comment.

5. A draft of the detail test procedures to be used in the evaluation
of the Mode]vSEC-GO] air collector relative to the requirements of the Interim
Performance Criteria. The verification and detail tegt plans have been submi tted
to Smith, Hinchman and Grylls for reviqw and comment as the desighated Independent
Test Agency.

6. An updated Subsystem Performance»Specification was submitted to
MSFC on December 9, 1976 for ‘review and comment.

7. Air collector performance and opérafiona] testing;

The testing of the collector since the installation was comp]eted‘
in December 1976 has been devoted to the investigation’of general operating
characteristics. Air flow rate vs, system'pressure drop, collector thermal gain
over a range of air flow rates and at ambient air temperature, the effect of
snow_Cover on coT]ector thermal performancé, air flow distribution between tube
pairs and duct thermal gradients and impact on air flow distribution between

manifolds wére among the characteristics investigated. Investigation of one of
the most critical factors was not initiated until mid-January 1977. Air flow
leakage rates were determinedkto be of the order of 20% to_30% of thektota]

system flow. Corrective action was taken and the leakage flow was reduced to
the order of'1%. HQwever, as a result all experimenta] data accumulated prior
to thevcorrection of the leakage problem can be used only for trend 1hformqtion.
Testing fb]]owing the corrective action was initiated on January 27, 1977. Thus,
sufficiént data has not been accumu]ated~during this reporting period to allow
the deve]opment of quant1tat1ve performance data

; Certa1n qua11tat1ve test resu]ts may be indicated, however The

'v a1r flow d:str1but1on pattern from tube pa1r to tube pair w1thout regard to

r1ocat1on in the manifold and from man1f01d to man1fo]d appears to be very.

| satjsfactory. As reported in the December progress report, the air d1str1bution:
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appears to be within 25% of the mean value which is significantly less than

the 2:1 flow variation determined to be acceptable on the basis of computer

studies by Grunes.(])
| Snow cover of the collector reduces the thermg] performance of

the sysfem but good thermal gain is still realized. Heavy snowfall caused

the space between the collector tube elements and the backing'séreen to be

completely snow filled and the tube elements to be covered by a thin (approx-

imaté]y one inch) layer of snow. This caused a decrease in the level of light

enhancement from reflections from the backing screen, On a quaiitative basis,

the reduction in thermal performance was only in the order of 25%. Wind

action swept the snow from the cover tubes and initiated some remdva] of the

snow between the tubes and‘fhe backing screen.  Adjacent liquid collector test

systems were under testvduring this same period. The spacing between the tubes

and the backing screen was greater than that used in the air collector instal-

lation. In this case, the snow did not fill the volume between the tubes and the

backing screen. The loss of thermal performance was not significant within the

normal scatter of the test data. It maykbe desirable to increase the spacing

~ between the collector tubes and backing screen for installations in the snow

belt region to ennance the removal 6f snow in this volume due to natural wind

action. |

| Very cold ambient temperatures and high winds causing wind chi1]>

factors of -40°F to -65°F do not cause a significant decreése in the thermal

performancé of the co]]ector The qualitative difference in performance vias

W1th1n the norma] scatter of the test data It should be noted that the degree

of,scattcr of test points should be reduced with the automatic recording of

data in five minute {ncrements and data reduction using thekcomputek program.

(M) "V1ta11zat1on and 0perat1on Character1st1cs of Evacuated Tubuiar Co]]ectors

Using Air as the Working Fluid" by Howard Grunes, lechanical [ng1neer1nr
Department University of W1scons1n, Madison, w1scons1n
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Based on a single day of operation under no flow conditions and
reasonably good levels of insolation, collector tube stagnation temperatures
reached in excess of 500°F while temperatures in the manifold stabilized
at-tcmperatures in the order of 150°F or less. Thus, severe temperature
levels during extended periods of no air flow are not expected to represeﬁt
a critical materials problem. On start up of air flow, however, manifold
temperatures will rise towards the stagnation temperatures reached by the
collector tubes. Qualitative tests indicate that these temperature excursions
can effect manifold temperature levels in excess of 300°F. Operating pro-
cedures might be required in the appronriate manuals to exclude system
start up aftgr extended periods of exposure to high levels of insolation -
under no f]oﬁ conditions.

B. Foreccast of activities to complete tasks.

The completion of the detail design of the air collector Hodel
SEC-0601 and the Prototype Design Review are considered to be high priority
items. The design review meeting should be schedu]ed by late February or
eariy March to avbid delays in the fabrication of test hardware and the
first artic}p;

o To déte, oh1y the testﬁngkof thc‘air collector, installed hnder

| the compénion ERDA cohtract, has been 1nitiated towards cOmpTeﬁion ofrthe
Verification Test Plan. Copies of the Verification Test Plan and a prelimi-
nary draft of the detdi] test procedures have been forwarded to the proposed
, Indepéndent TéstkAgency, Smith, Hinchmah and Gr&]]s,‘for review, comment

and estimate of tosf. The fOrma]ization of any;agreement vith S,H & G ahd
- the initiation of detaf1~tests will be delayed until approval to proceed,is
~received from HSFC, The involvement of MSFC in the 0-1 Tiquid evacuated‘
tubular collector hasfinckeased gféat]y since the sdbmfséion of the
; Verification Test Plén for the air;co11ectort Therefore, a preferred approach

| at this time'wouid be for NASA-MSFC to act as the evaluation agéncy for the
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air system.

Other actions and activities required to complete the tasks are
identified in the detail schedules contained in the Monthly Progress
Reports and the Verification Test Plan.

C. IQentificétion of major problem areas or difficulties.

Mo unforeseen problem areas or difficulties have been encountered

to date in the course of design and testing of the air system.

D. Data submittals.

1; ‘Test data to evaluate air flow distribution is attached. The
infOrmation is for §n1y two days of testing and is submitted to indicate
the method of testing and ana1ysi$ rather than as conclusive quantitative
data.

2. The therma] performance data for two days of testing is
summarized in the attachment. Hand calculations were used to derive the
Qua1itat1ve information. The princip31~item of interest is the useful

energy collected in terms of BTU/f_t,2 day versus the total insolation in

the plane of the collector for the same operating period.

3. A curve of system static pressure drdp vs. air flow rate is
attached. At the design flow rate of 4 SCFM per tube pair, the pressure
drop is .48 inches water gage. Usihg the,expression:

Wp=157.5x10% ()

-

p o= pressure;'in. viater gage'
Q = volume flow CFM : v
WP p = 157.5 x 10-0 x .48 x 288 = .022 H.P.

>

' (])}Marks' Hechanica]rEngineers' Handbook, Sixth Edition, page. 14-67.
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Data for Jan. 27, 1977

T T A e i iy, serpme A e e v e

Temperature Distribution by Tube Pair

Weighted Corrected Weighted Corrected Weighted Corrected
Tube Pair AT  Tube Perf. AT AT Tube Perf. AT AT Tube Perf. AT
11:30 1:30
TA-2A 59 .99 59.6 70 .99 70.7 68 .99 68.69
3A-4A 31 1 3 36 1 36 30 1 30
5A-6A 66 1.036 63.46 71 1.036 68.53 60  1.036  57.92
TA-8A 60 1.057 56.76 65 1,057 61.49 55 1,057 52,03
9A-10A 64 1.052 60.83 69 1.052 65.59 59 1,052  56.08
1B-28 a4 .976 45.08 45 .976 46.11 38 .976 . 38,93
38-48 51 .984 51.83 60 .984 60.98 58 .984 58,94
5B-6B 46 .96 47.92 52 .96k 54.17 44 .96 45,83
7B-8B 45 .945 47.62 50 . 945 52.91 39 945 41,27
90 55 945 58.2 54 945 57.14 49 .945  51.85
: \C-2C 60 .968 6198 65 .;968 67.15 57 .968 58,88
A g 1 48 54 1 56 49 1 49
5C-6C 50 .9925 50.38 56 .9925 56,42 51  .,9925 51,39
7C-8C 45 975 1615 45 .975 16.15 43 .975  44.10
’ “Upper An. 96 | 100 85
" Lover An. 102 m 97
Upper‘Man ,
AT 70, 66 55
Lower Man i *
AT 74 65 . 56
Total AT 67 e 70 | 58
’ Sy a9 T2 hr{_k 304 BTU/ft.2 hr. 220 BTU/7t.2 .
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Data for Jan. 27, 1977

. 11:30 1:30 3:30
AT AT/T.P. % Dev. AT AT/T.P. % Dev. BT  AT/T.P. % Dev.
"Top -
Manifold  52.79 58.07 50.61
1A-2A 59.6 113% 70.7 122 © 68.69 136
3A-4A BT 58.7 36 62 30 59
5A-6A 63.46 120 68.53 118 57,92 114
7A-8A - 56,76 108 61.49 106 52.03 103
'9A-10A 60.83 15 . 65.59 113 56,08 117
1B-2B | 45,08 85 46,11 79 38,93 77
317.73 348.42 303.65
Bottom , ‘
Manifold  51.51 56.12 - 50.16
3B-48 - 51.88 101 60.98 109 - 58.94 118
5B-68 47.92 93 5417 97 45.83 91
T78-80 47.62 92 52,91 94 Mn.27 82
9B-108 58.2 13 , 57.14 102 © 51.85 103
1C-2¢ - 61.98 120  67.15 120 58.88 117
sc-4 48 93 . 54 o6 49 98
~scec . 50.38 98 56.42 101 51,39 102
e8¢ 4635 90 _46.15 82 _48.10
‘ TR TR 7Y: N S 401.26
S, 200 - 30 220
Upper 4T 70 B 66 - - 55
Lower 4T 74 i ,’ ’ 65 D

TotalsT 67 . 10 58



T.P./Temp.

87
90
90
91
92
94
84
100
98
95

- 106

91
105

86

95
96
97
86

Out

30
27
27

27

27
31
,3?
30
32
33
34

35
‘38
34
34
33

38

Data from 2:00 P.1. - Jan. 27, 1977
Lower-East Quadrant Air Flow Distribution

Tube Pair

AT Rating
57 1023
63 1035
63 1035
64 1070
65 ——
63 1022
52 1051
70 1090
66 1067
62 1074
72 1058
53 1064
70 1078
48 1084
61 1077
62 1004
64 1054 -
48 1042

17,922
s 17 = 1054

A-9

Weighted
T/R Rating

971

.982

.982
1.00%

.97

leighted
AT

58.7
64.15
64.15
63.05
64.95
52
67.7
65.54
60.84
71.7
52.53
68.43
46.69
59.69

65.06

64
48.55

1037.74

61.04

.96
1.05
1.05
1.03

1.07
1.05
.80

Dev.

-.04
+,05
+.05
+.03

+.06

.14
+.12
-.24
-.02
+.07
+,05

=20
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The distribution of air flow between manifolds and individualitube
pairs is implied from relative values of temperature rise per tube pair
modified by individual tube ratings of stagnation temperature. The Tlowver
manifold east quadrant has been 1nstrumepted vith thermocouples for every
tube pair. Thus, temperature rise déta is available for one quadrant of
18 tube pairs in the lower manifold and for 3 tube pairs in each of the
remaining three quadrants of the collector array. An analysis of the
test data for January 27, 1977, indicates no trends for air flow maldis-
tribution relative to tube pair location in the manifold or from manif01d
to manifold. Further testing is anticipated to investigate the reasons
for specific tube pairs being well out of the expected error band. The

work sheets are attached for information,
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Tube Pair

1A-2A
3A-4A
5A-6A
7A-8A
9A-10A
1B-2B
3B-4B
5B-6B
7B-8B
9B-108
Tm2C
-/

3¢-4¢
5C-6C
7¢-8C

AT

44
22
46
42

29
36
32
30
37
43
35
35
34

East quadrant -

s W N

< -

AT
56
55
58

56

“66‘ ‘
52
59

Weighted Corrected
Tube Perf. AT Dev.
11:00
.99 44 +.20
1.06 21 .43
1.04 44 +.20
1.05 40 +,09
1.03 44 +,20
976 30 -.18
. 984 37
.98 33 -.10
1.01 30 -.18
957 39 +.06
. 956 45 +,23
.983 36 -.02
.995 35 -.04
975 35 ~-.04
AT = 36.64
Tower manifold - 1:30 p.m.
Corrected ;
AT Dev.
58 £.09
56 +.05
59 +.11
55 +.03 
54 +.01
59 4.1

 ORIGINAL PAGY 12
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Pata for 2/1/77

Temperature Distribution by Tube Pair

Weighted Corrected

AT Tube Perf. AT Dev.

55
27

Corrected

AT
58

53

62
45
58
42
48

11:15

AT

56

53
61
5
K=

58
41

47

CA-11

26

52

A7
52
3

47

36

47

52

42
0
41

42,

+ .30
-.39
+,21
-.09
+.21
-.28
+.09
~.16
~.18
+.09
+,21

~.04

AT Tube Perf,

75
36
69
62
67
37
62
47

Weighted
3:00

a7

56
63
54
54
45

AT

50

53

Corrected
AT

49
57
=

= 53.3

Corrected
AT Dev.
76 +.37
35 -.37
66 +.19
59 +,06
65 +.17
38 ~.32
63 +.14
48 ~.14
47 -.15
59 +.06
66 +,19
55 -.01

54 4,03

46 -.17

Dev.

-.08

Cho07

-.16
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Summary of Thermal Performance Data

12:30

TR e < TR S dien o) e I K A SR AL L84 S

Time 9:30 10:30  11:30 13:30

?Bot.tom Array

T out °F 58 64 64 86 96

ATOF 38 43 40 58 65

__BWY | :

QU hr. FT.2 74 86 80 118 132

8w ‘

5] Br. ft.2 152 168 240 240 260

%’Top Array

T out °F 60 64 63 85 05

AT °F 40 43 39 57 64

— BIU__ o

qu hr. 6.2 78 86 79 118 130

B ”

S, o2 152 168 240 240 260

T amb. °F 6 8 11 13 16
\_Bebruary 1, 1977

Bottom Array  9:00  10:00  11:00  12:00  13:00

T out °F 4 77 78 85 83

AT °F 7 45 43 48 46

B, |

qu hr. T2 32 84 80 90 85

_ o |

35, hr.f.2 78 145 147 155 160

iTop Array

Tout°F 4 75 77 8 8

AT °F % 45 43 89 47

o, i

qu hr. fL.° 26 84 80 92 87

_ bW, : . SN

S, RS 78 s 147 155 160

Tamb,F 16 21 21 22 24

! A-12

O R L

14:30  15:30  16:15 %g%%TTiﬁf
102 92 73
69 58 40
140 122 81 833
264 200 140 1664
102 62 73
67 54 38
136 ns 77 817
.64 200 140 1664
BERY: 20 19
14:00 15:00 16:00
105 102 97
64 61 52
120 114 97 702
277 202 199 1363
105 101 97
67 62 57
125 116 107 77
277 202 199 1363
27 27 2%
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Note: Four switching units of ten elements each are used for the read
out of temperatures at various locations in the test installation.
Thermocouples A through 8C are located within one inch of the inlet
and exit air flow paths to and from collector tube pairs. Thermocouples
9C and 10C are located approximatetly two feet up in the annulus between
- the absorber and fecder tubes. Thernmcouplns 1D and 2D are located in
the transition section between the air ducts and the lower manifold.
Thermocouples 3D and 4D are similarly Tocated in the upper feeder duct/
manifold. Thermocouples 9D and 10D are located in the ma1n header ducts‘
‘connected to the distribution ducts.
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Contract No. NAS8-32259
Second Quarterly Progress Report
February 1 - April 30, 1977

Summary. The principal activities during this reporting period consisted of com-
pletion of the detail design and material specification for the base-line collector
Model SEC-60%1, completion of the Prototype Design Review, completion and approval

of the Verification Test Plan. submission and approval of the Detail Test Procedures
for the Verification of the Collector to the Interim Performance Criteria, and com-
pletion of the performance testing and evaluation of the 144 ERDA air collector array.
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Technical Performance

A.

General description of work accomplished during the reporting period.

1. Installation and layout design. The installation Tayout.and detail design

and material specification have been completed and formed the basis of the
Prototype Design Review on March 15, 1977. -

2. Preliminary Design Review. A1l RID's, generated at the Preliminary Design

Review, have been formally cleared and closed.

3. The Prototype Design Review was conducted on March 15, 1977.° Additional

information and documentation were requested relative to detail material specifica-
tions and the technical basis used in establishing the design criteria for.the
Model SEC-601 base-line collector. The material specifications were upgraded.

An engineering design specification relating the design of the Model SEC-601 to
the 144 tube ERDA test array was prepared. The documentation was submitted,
forming the basis of a telephonic design review conference on May 3, 1977.
Approval of the base-line design of the Model SEC-601 collector was indicated

~and formally issued in mid-May 1977. A set of reproducible drawings and -

specifications with authorizing signatures for release for fabrication are
being prepared for forwarding to MSFC. The information requested for all RID's
generated at the Prototype Design Review was supp11ed and the RID's have a11
been forma]]y closed.

4. Forma] approval of the Verification Test and Plan was received and. acceptance

of the Detail Test Procedure was acknowledged. A subcontract to Smith, Hinchman
and Grylls to act as the Independent Certification Agency was formalized.
Several technical meetings have been held with William Louis and David Miller
(the principals of SH&G) for the certifications activity. Major emphasis has
been on the test procedures and data analysis of the 144 tube ERDA test array.
The detail test procedure to be used in satisfying the requirements of the
Interim Performance Criteria was also reviewed and an agreeable monitoring
process agreed upon. Physical testing of the Model SEC-601 collector and
components will be delayed from schedule pending fabrication of units in
accordance with the approved base-line collector design.

ORIGIN |
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5. Air collector performance and operational testing. A paper prepared for
presentation at the Orlando, Florida 1977 meeting of ISES summarizes the data

and analysis of the 144 tube ERDA test array. A preprint of the paper is attached
as documentation of the testing and analysis performed to date. .

6. Installation, operation and maintenance manual. A preliminary draft of the
document was forwarded to MSFC for informal review and comment. A telephone
conference call on May 16, 1977 with MSFC personnel provided many valuable
~inputs. The document w11] be revised and updated for formal submission dur1ng
the next reporting pervod

Forecast of activities to complete tasks.

1. The fabrication of units of the Model SEC-601 baseline collector will receive
major emphasis. The manufacturing group will be responsible for this phase of
the activity supported by the design engineer. Fabrication forecast schedules
are being prepared to monitor progress. The development of a Quality Assurance
Plan will be a part of the fabrication process to ensure all components meet
design specification requirements.

2. Test fixtures for the physical evaluation of components are in design and
scheduled for early fabrication awaiting delivery of the necessary collector com-
ponents. Negotiations are underway with Desert Sunshine Exposure Testing, Inc.
and NBS to undertake their designated test tasks. .

3. The 144 tube test array will be modified to incorporate an air- 11§u1d heat
exchanger and s1mu]ated load elements to comp]ete this phase of the scheduled -
test program.

Identification of major problem areas or difficu]ties.

1. No technical problems adversely affecting therma] performance or qualification
of the Model SEC-601 base-Tine collector are foreseen at this time.

2. The completion of the contract on schedule is now considered to be in jeopardy.
The earliest date for fabrication of components is estimated as late August. The
detail fabrication plan, based on firm vendor quotations, will identify the date
more exactly. A three to four month slippage in the completion of the long-term
exposure testing should be anticipated.

Data submittals.

1. The 144 tube collector performance analysis is attached.

2. Other documentation submitted dUring the reporting period include:

Reference Description
259-18 Additional comments on RID's 701-7 and 701-8
259-19 Prototype des1gn review data

259-20 - Technical directive No. 2




Reference Description

259-21 February status report

259-22 Technical directive No. 3

259-23 Draft of SH&G subcontract

259-24 Partial response to RID's 70I-16 and 70I-17

'259-25 Proposed base-line design

269-26 - Prototype design review RID's

259-27 March monthly status report

259-28 - Drawing SK-3558 and draft installation, operation and
maintenance manual .

259-29 Data in response to 4/26/77 conference call

259-30 ~ Update of interim performance criteria summary
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An Analysis of the Low Loss
“Evacuated Tubular Collector
Using Air as the Heat Transfer Fluid
By
Kenneth L. Moan

Owens-I11inois, Inc.

Toledo, Ohio




il Sl 8-

TABLE OF CONTENTS

Introduction
Discussion

Conc]usipns

List of References
List of Test Equipment

flomenclature

Page 1
Page 2
Page 14
Page 16
Page 17
Page 18

: ‘Aeﬁlls
JGINAL P |
OF POOR QUALITX



Acknow1edgements

The'support of the Solar Division of the Energy Research and
Develgpment Administration through Contract No. EY-76-C-02-2919
contributed significantly to the construction, testing and data

analysis of the air driven solar energy collector subsystems.

B-9




Introduction:

The economics and cost effectiveness of solar thermal collectors may be
enhanced significantly if they are able to drive cooling cycles effectively as
well as provide for space and domestic hot water heating applications. Highe?
temperatures introduce the potential for wider usage of solar thermal energy in
providing heat for industrial processes, desalination, agriculture aﬁd food
processing and similar frequently discussed energy dependent enterprises. The
use of air as the energy transport fluid is becoming a preferred solution to
many solar energy system practicioners.

A solar thermal energy collector, qsing the spaced evacuated tubular ab-
sorber configuration, has demonstrated the ability to provide high grade solar
enerqy . An understanding of the differences frdm and similarities to the tradi-
tional f15t surface collector family is important to the user. The use of vacuum
to essentially eliminate the thermal losses due to conduction and convection,
in conjunction with a highly selective absorber surface results in a low loss
coefficient collector. The exp]oitation of the symmetry of the»absorber surface
through the spacing of the elements in conjunction with a simple diffuse light
reflecting background enhances the effectiveness of each of the'cbst sensitive
units. The Tight enhancement factor combined with the low loss coefficient
characteristic imbroves the effectiveness in the use of air as the heat transfer
aor collecteor cooling f}wfd. |

A one hundred and forty-four (144) evacuated, spaced tubular collector array
was designéd, installed and tested to evaluate and demonstrate the effective-
ness of an air driven co]iector. The effort was partially funded by thé Solar
Division of the Eneragy Résearch and Development Administration. The thermal

performance and operating characteristics were explored for a range of air mass
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flow rates. The testing was conducted using data collection and evalu-

ﬁtion on an all day basis. This allowad a conziderable deqree of flexibility in
the design of the test, in the accuracy of the control required for air mass flow
rate, collector inlet temperature and the fluctuation of solar insolation through-
out the daily test period. The latter is a very important consideration, at least
in Toledo, Ohio, where clear day conditions are indeed a rarity.

“The air driven collector demonstrated a high Tevel of thermal perfohmgnCG
throughout an operating temperature regime from ambient to co11éctor fluid dis-
charge temperatures in the range of 300°F. The performance was es °nt1a]]y un-
affected by ambient conditions wiherc temperatures of 15°F below zero and chill
factors of 50°F below zero were experienced. Heavy and extended periods of snow
fall in addition to high winds and extended cold were common during the 1976—197?
winter season in Toledo; the collector was operated with no significant adverse

affects due to such climatic conditions.

Discussion:

The design of a multi—tubufar collector array, using air as the heat transfer
fluid, must provide~simp1icity in the attachment of the many dis;rete elements to
an air manifold. The easé of the insertion and support of fhe.tubes, the évoidi
ance of air Jeakage at éachkintérface, the uniformity of air fiow‘distribution

to each of the elements, a low thermal loss, aesthetics and cost are amonq the

factors requiring consideration Tne thermal performdnce of evacuated tubular

collector e1ewents US1nﬁ a variety of hoat trancfer fluid character1st1cs is.

discussed by Beek1ej, et al. (]) Based on the Beek13j analysis, 1t was dec1ded

“to investigate a range of'co11ectdr air flow rates from 4 SCFM to 8 SCFH 8 to 16

- pounds per hour per square foot. The resulting data would offer a f]éxibi]ity

in‘system”dcsign‘considehing collector performance, manifold and ducting size and -

air pumping powver.
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Preliminary testing and analysis at Owens-T11linois had characterized the air

flow-pressure drop properties of the tubular collector element. Uhile affected
by dimensional values such as the diameter and Jocation of the distributor tube

relative to the absorher tube, a relationship of the form:

= CFMX in, W, G. (1)
C .
was established and for the particular system chosen & relation of:

AP = CFL 76 g wig. C(2)

was determined to be valid for a flow path where two collector tubes Qere oper-
ated in a series flow arrangement. The air flow path for the two tube series
flow akrangement js indicated schematically in Ficure 1. Each tube pair is oper-
ated in parallel flow relative to the manifold arrangement. Some researchers
such as Grunes (2) and Hughes, et. a1‘(3) report that a two tc one ratio of flow
distribution can be accepted without serious impact on the thermal performance
of an air driven evacuated tubular collector array. An objective of the one hund-
red and forty-four (144) tubular collector design was to establish a test system
(mahifo]d arrangement) which would minimize the number of penetrations required
through a roof/facade and which would waintain better than a two to one ratid of
flow maldistribution; the latter towards the potential of increasing the size of a
total array without the'necessiiy of adding to the number of roof penetrations
requircd.

The manifold design choscn is shown schematfca11y’1n Figure 2. The side by
Sfde air flou channels in Lhe manifold will be hoted; The unobstructed flow cross
sectional area in the inlet and exit air flow ducts is about forty (40) square
inches. The manifold trapsition flow areas to and from the two tube flow path
are in the extensions at thektop of the manifold. This arrangement was chosen
to result in é mininun of thevmanifo]d extending above the false background which
acts as the diffuse ref1ector'and‘hides the‘1ar9er portion of the manifbldfsimPYY |

for aesthetic purposes. A secondary advantage 15 that the distributor tubes are SoE IS
' o : ORIGINAL PAG Y|
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disassociated from the main air flow path. This provides a someﬁhat’ihprévéd
transition region between the main flow sections of the manifold and the tubes
towards attaining some reduction in overall system pressure drop.

The distributor tube is about 1 inch in diameter. Aluminum thin wall. tub-
ing was chosen for expediency; glaSs tubing is planned for volume prodUction} The
tubing is held in place and sealed to prevent air leakage to the exit duct in the
manifold by a gasket mounted in holes ib the thin metal plate dividing the inlet
and exit air flow paths. The two foamed manifold halves utilize gasket material
to hold the metal plate in place and‘sea1 against air leakage. A metallic dividing
plate was found to provide adequate thermal insulation between the two flow
paths.

The manifold is center fed and in the test arrangement eighteen fube~pairs
extend to either side of the transition feed connecting the manifolds to tﬁe main
air ducting located Within the building enclosure. A two tier manifold installa-

tion was'se]ected towards maximum flexibility in the arrangement of future commer-

~cial installations of the air collector arréyq The manifold construction utilized

an inner and outer skin formed by hand layup of a giass reinforced high temperatufe‘
resin. The tubu]ar.conbector,'as a matter of Cohvenience, utilized components de-
veloped for the liquid tubﬁ}é} collector in prototype yo]ume production. - The mani-
folds were assembTed ih ha1vés which included thé tohhectors-fdr the individual . |
tube elements. The cavity was filled with a low dens1ty h1gh temperature polyure~
thane compound The 11qu1d m1xture was pumped 1nto the cav1ty and allowed tO'foam -
~in place to form a re]at1ve]y rigid structure. The manifold fabrication process
was chosen as one having the future potential for high volume-Tow cost production
following the teachings of the}aUtohotive field. A SimiTar procedure is.currént1y
employed in the fabrication of the manifolds for the liquid tubu]ar collector.
The'co1lector tubes e]ements vere taken from f1n1shed goods 1nventory for
CQmponenfskbf'thé Tiquid;evacuated tubular collectors in p1lotbproduct1on. A col-

lettbr tube element is shown schematically in Figure 3. The absorber tube is about
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45 inches long and extends at its open end beyond the cover tube to fit into the
tube sccket and "0" ring seal. A selective coatihg is applied to the external
surface of the absorber tube prior to asseﬁb]y into the cover tube. Stability
between the cover and absorber tubes is provided by a spring arrangement at the
closed ends of the tubes. The spring provides radial support while allowing free-
dom in the axial direction to accomodate differential expansion. Attached to the
support spring is a barium getter which contributes to the extended life of the
Vacuum which is Tower than 1074 torr applied to the volume between the two tubes.
Photographs, Figures 4 through 6, show the completed array with and without snow
cover. '

The test loop which was installed is shown schematically in Figure 7, Duct-
ihg provides for full ingestion and overboard dumping from and to ambient air,
A bypass and suitable dampers allow for up to full recirculation of the collector
diséharge air. An electric air preheater prdvides for approximate control of the
collector inlet air temperature. A variab]e;speed drive is used to control‘the
air fan to provide air flow rates up to approximately 10 SCFM per tube pair.

The test sysfem was extensively instrumented with temperature sensors. Four

element thermopiles are located in the inlet and exit ducts of each of the banks

of the array to sense the collector temperature rise. Thermocbup]es are also

mounted in the same vicinity to indicate the air temperatures in each of the ducts.

‘The air mass flow is derived by an array of pitot tubes manifolded togethér be- ’
‘hind an air straightenor in a manner to derive average velocity pressure sensed
by a pressqrgrtransducer. Four fhcrmoéoub]esfdisposed 90 degrees apart sense the
air,temperatur¢7exiting from the velocity pressure sensor for dénsity compensation‘

A pyronomctér senses total insolation in the plane of the‘co]1ect6r. This 1infor-

mation is fed into a signal conditioning unit for aha]og to digita1JCOnversion and

k integratiQn of the insolation data. The information is recorded on magnetic tape

in five minute increments throughout a twenty-four hour day.

B-14 ORIGINAL PAGE IS
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Additional thermocoitples were added to sense temperatures in?the ]oééf?ons
indizated. The thermecoup1e pair mounted in the main inlet and eX1t ducts,,re-
spectively, prOV1de a check on the thermal performance of the overa]] ]4q ‘Lube
array. The thermocouples mounted in the manifolds in the 1n1et and ex1t air
flow paths of the respect1ve tube pairs sense the temperature v1se in individual

" tube pa1rs. The temperature rise per tube pa1r is an excel lent indication of

air mass flow rate distribution. The thermocouples mounted in the annulus of

the tubes are useful in sensing the annulus air temperature under both flow and
no-flow conditions. The latter sensed temperature may be useful in the logic
used to control collector operation; the fqrmer sensed temperature provides a
useful indication of.the absorber surface temperature at its highest temperature
axial position. Thirty ef these temperatures require manual read out and record-
ing; the remaining are available en a strip chart recorder. Static pressure taps
sense the pressure levels in the inlet and exit air flow ducts;

Upon completion of the installation, air flow vs. collector pressure drop
and leakage flow tests were performed. The variable speed fan was adjusted to
provide a static pressure relative to ambient equal to that existing under rated
flow conditions. The exit duct was blocked during the tests. A leakage flow of
less tﬁan 2% of rated flow was indicated. The air flow rate-pressure drop rela-
tiohship was then meésured. A best fit Tine on a 169—109 plot of the data indi-
cetes that the re]ationéhip for the manifold and collector tube assembly can‘be
expressed as:

ap = o ue, g (3

At a flow rate of 4 SCFM/tube pair, the bressuﬁe drops are found td’be,
equa1 within the 11m1ts of experimental error for the tuo tube pa1r and the one

“hundred and forty four tube array and verlfy that the pressure drop due :

B-15



“to air flow in the man1fold is neq]1gab1e An excel]ent f]ow d1str1but10n be-

tween tube pairs can also be inferred from the similarity in temperature rise
measured for tube pairs. A significant increase in the number of tube pairs
per manifold/roof penctration can therefore be anticipated without an adverse
affect on air flow distribution. The agreement in the flow-pressure drop re-
1ationshfps between the 144 tube array and the 2 tube experimental testing

also implies that the leakage and mass flow rates are within 5% of the meas-

ured values for the two systems.

The large pressure drop, often expressed as a potential problem when usfng
air as the heat transfer fluid, is avoided by the flow path and manifold arrange-
ment which is employed. At a 0.5 in. W.G. pressure drop and flow rate of 4 SCFM

per tube pair, the theoretical air horsepover required to drive a 144 tube array

is only 0.023 HP. FEver at a fan efficiency of 20%, a 0.1 horsepower drive would

accomodate the pumping power’reqpirements of the collector or require about one
percent of fhe useful solar energy collected. Of course, system pressure drop
factors for ducting, dampers, storage and similar e]ements must also be consider-
ed. On the average, the system air pumping power should be less than 5 percent

of the total useful energy collected. The energy loss associated with the effi-

ciency of the air fan is captured in the air stream as a temperature rise and, in

fact, does not represent an energy penalty to the system.

The thermal performance of the 144 tube air collector array is shown in Fig-
ure 8. The:brdinate represents the percent of useful energy gain available from
the collector per day.vahe abscissa is in a form similar to that USed for the
cammon "instantaneous" efficiency presentation but represents integrated daiiy

"

values rather than the common "instantaneous vatues. Thus, gT ~is the

v i,in
integrated value of the Co1lector f]u1d inlet temperature over the day summed

for tlme increments of "i" for N 1ncrements of time interval. The value XT
and L] {TP
insolation in the plane of the collector, respectively. Da11y'data p01nts are

represent similar 1ntegrated va)ues for amb1ent temeprature and tota]

S
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indicated for three different air flow values of approximately 4 SCFM, 6 SCFM
and 8 SCFM. A linear least squares best fit line has been drawn for these air
flow values. The excellent efficiency of the spaced tubular collector will be
noted by the relatively high value of the intercepts and the low loss coef-
ficient characteristic emphasized by the shallow slope of the efficiency curve.
A factor not apparent from Figure 8, but of significance to the systems engineer/
user, is the relatively high temperature rise in the air as it passes through the
collector. At a flow rate of 4 SCFM per tube pair, a typical vélue for the aver-
age temperature rise in the air as it passes through the collector on a reasonably
good day would be in the order of 80°F. Thus, the air collector provides a high
grade of energy to the’storagelldad’systems.

Figure 8 is represented in Figure 9 without thé data pointé. Instead, the
expressions for the intercept, n, > and the slope of the efficiency curve have

been inserted. The intercept, n, > is defined by:

ng = Pe o |
° Ao FRota(Teps/izp) (4)

The ratio Ac/Ap fepresents the total cross sectional area of the absorber
tubes divided by the total effective installed area of the collector. This term
accounts for the gaps -between the spaced absorber tubes. For a seventy-two (72)
tube modulé wfth'the centerIine—to—center]ine tube spacing equé] to twice the cav-
er tube’diameter,k |

Ac/hp = .42

The flow factor, Fr, is defined by Bcek]ey(5)‘as:

Fp = 1 | 5 S
oA 8
- 2mCy B |
Slope = Fp Pc g o . (6)
R Ao Y, o ‘

Fo = slope (Ag/A)(1/1U))

; (= > (N /A
Let’Y  ’s]ope( p/ c)
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UL = K x 2mCp

M x 2mCp ~TIKA (7)
= 2

Ao = 35Ft.
a0 ore 2

Ap = 82.8Ft.

The term, I ¢r, represents the increése in the level of solar radiation
received by the absorber surface as a result of tube spacing. At solar noon,
the 1ight enhancement due to direct and diffuse light ref]eétions from the
backing screen has been determined to be 1.63 times the total incident radiation
falling directly on the absorber tube cross sectional area. The term ¢ rep-
résents the effect o% the‘so1ar/noon light enhancement factor integrated on a
weighted basis over an entire day. fGiven the collector constants derived from
other expe;iments, T = .92, a = .85 and (Ieff/ITP) = 1.63, the air collector

coefficients may be determined as a function of flow rate.

: . Slope ' Ue
Flow m BTU BTU -
CFM/Tube Pair #/Hr. Ft.2Hr.°F K Ft.2nr.°F R No 0
! 324 o225 5 191 .92 .616 1.25
6 486 ~.200 .47 161 .95 644 1.27
8 648 -.213 .50 .169 .94 659 1.31

It is eyidént that the collector coefficient, FR, remains at a remarkably high
value down to a flow rate of 4 CEM per tube pair. The pefcentage loss in co]]ectbr
performan;e is offset by the reductioh in air pumping power when operating at 4 CFM
vs. 6 or 8 CfM ber'tubebpair flow ratesf_]Thc daily energy enhancement factor,¢ ,

§v wou1d be‘expectéd.to.be a constant independent of f]dw fate. Siﬁce the nuhberé
lirar¢ in agreement within the standard deviation factoés %Or siope.ahd intercepf
values which result in determining the linear Teast‘squarés fit, it would békex—

 'pected1that additional test dataiwou]d;verify this fact.
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The fact that the term, ¢, had to be added to the relationship commonly applied
to n, is important to the understanding of the optical properties which obtain for
the spaced tubular configuration. The factor, ¢ is related to the Incident Angle
Modifier term now being introduced by some researchers in the field such as Simon
The value of ¢ will be greater than unity for the spaced tubular e]ements and diffuse
light backing screen collector configuration; the value of ¢ will be!1ess than uni-
ty for most, if not all, flat absorber surface collector configurations.

This factor presents a strong argument for the development of collector per-
formance on a daily basis rather than an "instantaneous" basis as is now be{ng
pfoposed by some advisory bodies. The use of an indoor simulator light source
does not introduce the effects of diffuse light in an acceptable fashion. Outdoor
testing over selected time increments to develop é value for ¢ lacks in the
stability of the light source especially at the larger values of the hour angle,

m.‘ The selected time increment is dependent on the time constant of the collector
which for the %ubu]ar air collector is quite long at the order of 15 minutes. This

implies the requirement for a stable test -condition for a period of 45 to 60 min-

- utes fO]lowihg any upset. Several attempts have been made to correlate the avail-

able tes@ data for the air system on the basis 6f discrete time steps throughout
the day. The results have not been useful due to the extreme scatter in the re-
duced data.

On the other hénd, the data reduced on a dai]y basis, as indicated in Figure 8,
shows akremarkab]yk]ow scatter band. The types of days include relatively c]eér
sunny conditioné, overcast, intermittantrc]ouds and eyeh intermittantksnow and rain’
conditions. At times, air inlét temperatures to the collector were held to the
order of + 5°F and at others alloved tb’f]oat as they would under ndkma1 system
operating conditions. This suggests that thé characteristics of a collector can

bCSt‘beicharactérizcd through the use of all day test data which'aCknOWInges that
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n
the energy source is randomly time dependent and unpredictable 1load factors dic-
tate the operating boundry conditions for the solar collector.

Since the surface area of the air manifold is relatively large, its loss term
and impact on detail design was considered to‘be significant. The Qa]ue of the
loss coefficient, U, for flow rates of 4 CFM per tube pair is:

| U = .191 BTU/Hr.Ft.2oF

The radiation Tess term, Ujc, may be determined from prior knowledge of the
tybica] emittance value of the selective absorher’surface. This has been the sub-
ject of extensive investigation as a part of the development of the Tiquid system.

A typical value for the emittance,c¢ , is 0.070. The radiation loss is determined

by:
torh (8)

ST ?)(TL + T (Te - Ty) (9)
(T E“:"T')

QL = ae(TC
UL(, = o (TC

The conventions of solar collector analysis 1ine§rize the Toss term as indicated
in equation (5) and equate T. to Ty, to.akgood approximation for the analysis of
the loss coefficient, UL; 'Typica1 operating-temperaturevconditions fnr an air
driven collector 6f Tin'ﬁ 200°F and T, =
linearized analysis. : G
)(Tln + Ta) (]0)
713 x 10“8 X 070(660? + 5302)(660 + 530)

Uc = oe(T

(o=
-
(]

i

10 BTU/Hr. Ft.2oF

1]

The tota] Toss coefficient U is releted to ‘the losses assocxated with the co]- .

lector tubn e]ement radiation ]osses and manxfold conduct1on/convcct1on losses

;by:

Uy X AT+ HACULCAI = TAGU AT
Uy = | T
e e w0
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The values for A and A, are 35 Ft.2 and 82.8 Ft.2 respectively for the

"

collector array under test.

ULM =N x 35 (.175 - .10)
§2.8

Ui

An analysis of the dimensional and insulation values of the manifold implies

f

.12 BTU/Hr.Ft.2°F

a value for U, = 0.10 BTU/Hr.Ft.2°F. The remainder of the manifold losses are
attributed to tube attachment points.
Using tne imperically determined constants, a model describing the thermal
performance of an air driven evacuated tubular collector may be developed:
n= AC " ieff HUL(T'”] - Ta)

- (12)
Ip ITP '

For the specific collector configuration tested at a flow rate of 4 SCFM per

tube pair, on a daily efficiency basis this expression may be reduced to:

n=.62- .23 (Ty, - T,)

'iTp
The collector was facing south and mounted at a tilt angle of 45°. The 1a£itude
of the test site is 42°. The backgrouﬁd wés a diffuse white flat surface con-
Strucfed of plywood and painted td provide a flat white ﬁurface. Shaped background
deve1opments and tested 6n liquid systems have demonstrated a significant imprer-
ment in performance over the plain white diffuse backing surface. A simple con-
ical shaped reffector would'be expected to improve the dai]y performance of the
collector by about 20 percent at the intercept. Such shapes may be app]ied with-
out a]terat1on to e1ther the air or liquid collector tube elements. Ffé?dbteSting
on liquid systems s now underway prior to the release of the shaped background

reflectors for general use.
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The three terms required to evaluate the thermal performance of an air driven,
spaced, evacuated tubular collector south facing and mounted at a tilt angle equal
to the lattitude may be derived by manipulation of data or taken directly from the
Climatic Atlas. The user must determine his average load requirements and select
a suitab]e.thermalistorage capacity..'From this data, an average value Tin during

the daily collection period may be applied. Because of the low loss coefficient

_of the collector, a relatively large error in the determination of Tin may be ac-

cepted without a serious impace on the final results. The average value of Ta for
the daily co]]éction period and the average daily value of TTP are available from

the Climatic Atlas.
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Lonclusions :

The use of air as the energy transport medium in the spaced, evacuated tubu-
lar collector provides a high temperature - high performance subsystem. The se-
lection of air mass flow rates 1in the range of eight to sixteen pounds per hour
per effective square foot of installed collector area restrains fhe collector pres-
sure drop to acceptable levels. The relatively high temperature rise in the air
as it passes thréugh the collector is accounted for in the thermal berformance
equation. The rather large increase in collector exit fluid temperature provides
thé high grade of eneray required for cooling cycles and many industrial heat
applications. The inherent problems associated with liquid transport fluids
(freezing, boiling, corrosion, etc.) are avoided. The high stagnation temperature
problems of the low loss coefficient evacuated tubular collectors experienced
when using liquids are eliminated.

The excellent performance reported for the evacuated tubular collector is
realized because of the spacial arrangement of the co1]ect6r elements and the
~ inherently low loss characteristic resu]tjng from the use of vacuum as insulation
in combination with a highly selective absorber surface.- The low emittance of
the surface contro]sAits losses as the temperature increases. The spaced arrange-
ment of the cylindrical tubes contributes sianificantly to the 1light enhancement
factor and, in addition, minimizes the ratio of loss surface area to effective
collection surface area. Thus, the collector flovw factor remains very high for
the evacuated tubular collector configuration when air is used as the heat tréns’
fer fluid; the lower heat transfer film coefficient experienced when air is used
Serioﬁs]y degrades the collector flow factor for flat surface collectors with
their inherently higher loss coefficient and resulting sensitivity to.absorber
surface temrerature. |

The correlation of performance based on an incremental time analysis of
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data has been unsuccessful because of the relatively long time constant of the
% air driven collector and the random time dependence of the energy source. Five
days of data‘were investigated based on 20 minute and 40 minute tihc increments
on either side of solar noon. Ho meaningful.COrrellation of results were ob-
tained. It is expected that a minimum time increment of 60 to 75 minutes and
a massive amount of experimenté] data would have to be evaluated to obtain accept-
able data. On the other hand, when all day data is used, the degree of scatter
in the data is acceptable even for moderate numbers of data points. The self
integrating effect of the energy source, since it starts and stops always at
a value of zero, and the low thermal mass of the collector, are believed to be

the prinCipaT fattors»contributing to excellent test analysis correllation when

‘the data is derived on a daily basis.

With the use of pebble bed storage, the upper Timit on acceptable operating
temperature is extended significantly. Fluid pressure considerations and inher-
ent implications are eliminated. The high temperature capability of the collec-
tor significantly reduces the storage prou]em in terms of size, weight and cost
off peak power utilization becomes fed51ble w1th the acceptance of higher excur-
sions of operating tomperaturel

Tﬁe’use of all day data in describing the co]lector‘characteristics great]y
reduces the demands on the collector test Toop and the need for "ideal day" test

conditions. Collectors featuring the enhancement of diffuse Tight and which have

re]qtiVe]y long time constant characteristiés réquiré extended test periods. The
?% ; ]imitations of the choice of test site ]ocationsrmeOSed by the Stkingent require-
f - ment for contwnu1ty in the level of solar 1nso]at1on durlng the prescrlbed "instan-

tanoous test per1ods are avoided.
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List of Test Equipment

HMeasurement

ITP : Solar total radiation
in plane of collector

T. : Ambient Temperature

T

out = Tin = Collector bank
temperature rise
Tin « Inlet temperature to
each collector bank
1 m  Air flow rate to collector
AP 1 Collector Pressure Drop

Data Logger

17

Instrumentation

Epply Precision Pyranometer
with integrator.

Copper-Constantan radiation
shielded thermocouple

Four element copper-constantan
thermopiles

copper-constanan thermocouples

Air Monitor Corp. Duct Air
Monitor Device

- Magnehelic, Model No. 2002C,

Dvyer Instruments, Inc.

John Fluke Co. (Model 2240

Data Logger)
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Nomenclature

The symbols and nomenclature used in the body of the paper are listed

generally in the order in which they first appear. Specific values for areas
and constants are included as appropriate.

AP = CFMX . : (1)
c
AP = collector pressure drop, inches, W.G.

CFM = Air flow fate, cubic feet per minute
X = exponent

C = constant

. A I '
_.C eff
0 AP FR(b'ra( ITP) | (4)

ng = Y intercept value of the daily efficiency

=
If

A. = Collector loss area, 35Ft .2
= NdaLa

N = number of collector elements, 72

il

da diameter of absorber tube, 1.69 in.

Ly = effective length of absorber tube, 41.375 in.

A = Coi1ector;effective installed area, 82.8Ft.2
= NdsL,

ds = tube spacing, 4 in.

_'FR = Collector flow factor, ratio of collector performance at actual
' absorber surface operating temperature to performance if
operated at the fluid inlet temperature.

= ] ) ‘ . :
+[[ULA£“ ' (5)
2 mCp |
e e 2:
U = collector loss coefficient, BTU/Hr.Ft. °F
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